The peroxisome proliferator-activated receptors (PPARs) belong to the steroid hormone nuclear receptor (NR) superfamily, consisting of 49 members in the mouse genome. Three isoforms of PPAR have been identified, PPAR␣, PPAR␤/␦, and PPAR␥, all encoded by separate genes. PPARs are liganded transcription factors that upon activation heterodimerize with retinoid X receptor and bind to direct repeat 1 peroxisome proliferator response elements. Subsequent recruitment of coactivators initiates PPAR-dependent gene transcription. PPAR␣ is expressed mainly in the liver, heart, and muscle and is a major regulator of fatty acid transport and catabolism and energy homeostasis (15) . Several synthetic lipid-lowering agents, including the widely prescribed hypolipidemic drugs fenofibrate (TriCor), gemfibrozil (Gemcor, Lopid), and clofibrate (Atromid-S), activate PPAR␣ and lower plasma triglyceride levels (27, 43) . In contrast to the beneficial effects of PPAR␣, PPAR␣ agonists cause liver tumors in rodents via PPAR␣-dependent mechanisms (21, 44, 47) . Targeted deletion of the mouse PPAR␣ established that the receptor was required for the lipid-lowering activity and hepatocarcinoma in response to PPAR␣ ligands. Ppar␣-null mice treated with PPAR␣-selective agonists failed to exhibit classical responses, including peroxisome proliferation, the induction of lipid-metabolizing enzymes, and a decrease of serum triglycerides (29) .
In addition, no hepatocellular proliferation or liver tumors were observed in any Ppar␣-null mice fed the potent PPAR␣ agonist Wy-14,643 for 11 months, while all Wy-14,643-treated wild-type (WT) mice developed liver tumors (43) . The mechanism of PPAR␣ ligand-induced tumorigenesis is not known. PPAR␣ agonists were shown to increase oxidative stress through overproduction of reactive oxygen species and increase hepatic cell proliferation, both of which are critical for the production of hepatocellular carcinomas (45, 59) . PPAR␣ ligands act via a nongenotoxic mechanism, and like other nongenotoxic carcinogens, they are particularly troublesome because long-term rodent bioassays are required for their detection (6) . The PPAR␣ agonists gemfibrozil and clofibrate have been used to lower serum triglyceride levels in human patients for over 15 and 30 years, respectively, yet epidemiological studies of patients who received these drugs did not demonstrate a significant increase in cancer incidence (2) . However, these studies should be viewed with caution, as the onset of cancer following exposure to carcinogens in humans is expected to take over 20 years. In addition, fibrates are relatively weak PPAR␣ ligands; therefore, it remains a major concern of regulatory agencies whether PPAR␣ agonists or newer, highaffinity developmental drugs will be harmful to humans upon chronic exposure. Thus, it is critical to identify the PPAR␣-dependent gene regulatory pathways that promote cell proliferation and tumorigenesis.
Increasing evidence has implicated several microRNAs (miRNAs) in tumorigenesis (8, 9, 18, 24, 26, 36, 50) . miRNAs represent a large class of noncoding RNAs that are transcribed in the nucleus as single primary transcripts or large polycistronic transcripts encoding several miRNAs. Intergenic miRNAs are thought to be transcribed by an independent promoter, whereas miRNAs found in introns of protein-encoding genes may use the same promoter as the proximal coding gene (7, 29) . Following transcription of the primary miRNA, the large transcript is processed into a 65-nucleotide hairpin structure, referred to as the precursor miRNA. The precursor miRNA is exported into the nucleus, where it is processed into a 22-nucleotide RNA structure by the endonuclease known as dicer (22, 30) . The mature miRNA interacts with the RNA-induced protein complex and bind to 3Ј untranslated regions (UTR) of target genes via complementary base pairing (17, 33, 35) . Following binding to target genes, miRNAs negatively regulate gene expression by modulating the stability or translation of mRNA. miRNAs have diverse functions, including the regulation of metabolism, embryogenesis, and oncogenesis (1, 4) . Expression of miRNAs is tightly controlled in a tissue-and development-specific manner; however, there is relatively little information on transcription factors that regulate their expression. To date, only c-Myc, cyclic AMP response element-binding protein, and myogenic transcription factors have been shown to regulate specific miRNAs in mammalian cells (41, 46, 54, 63) .
The present study uncovered a novel paradigm for PPAR␣ gene regulation and clearly demonstrates PPAR␣ as a bona fide regulator of hepatic miRNA expression. In addition, this study identifies a Wy-14,643-induced miRNA-signaling cascade important in liver proliferation.
MATERIALS AND METHODS
Animals. Seven-to eight-week-old WT and Ppar␣-null mice were housed five animals per cage in a temperature-and light-controlled environment. For 2-week and 11-month treatments, pelleted mouse chow containing either 0% (control) or 0.1% Wy-14,643 (Bioserv, Frenchtown, NJ) was prepared and provided to mice ad libitum. For the 4-h treatments Wy-14,643 was dissolved in carboxymethyl cellulose (Sigma, St. Louis, MO) and water, and the mice were treated by gavage at 50 mg/kg. All animal studies were carried out in accordance with Institute of Laboratory Animal Resources guidelines and approved by the National Cancer Institute Animal Care and Use Committee.
Plasmid construction. The c-myc 3Ј UTR containing the let-7C binding site (pGL3-c-Myc UTR) was amplified from genomic DNA using primers containing XbaI sites: 5Ј-TTTCCCTCTAGATCTGTGGAGAAGAGGCAAACCC-3Ј (forward) and 5Ј-TTTCCCTCTAGATGAACCAGGGAATGGCTTCG-3Ј (reverse). The amplicon was cloned into the XbaI site of the pGL3 promoter vector (Promega, Madison, WI), and the construct was confirmed by sequencing.
Luciferase assay. Hepa-1 cells were plated in 24-well plates (5 ϫ 10 4 cells/well) and cultured in Dulbecco's modified essential medium (DMEM) containing 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA). The cells were cotransfected with the pGL3-c-Myc UTR and either scrambled RNA oligonucleotide (QIAGEN, Valencia, CA) or 5 nM, 10 nM, or 25 nM let-7C RNA oligonucleotide (Ambion, Austin TX) using the HiPerfect transfection reagent (QIAGEN). At 72 h posttransfection, a standard dual luciferase assay was used and normalized to a cotransfected control reporter (Promega).
RNA analysis. RNA was extracted from liver or Hepa-1 cells using the TRIzol reagent (Invitrogen, Carlsbad, CA) and was separated on a 15% denaturing polyacrylamide gel. miRNAs were detected by 32 P end labeling of antisense probes to miRNA sequences. Quantitative real-time reverse transcriptase PCR (qPCR) was performed with cDNA generated from 1 g total RNA with a SuperScript III reverse transcriptase kit (Invitrogen) using either random hexamers or gene-specific primers. Primers were designed for qPCR using Primer Express software (Applied Biosystems, Foster City, CA), and sequences are available upon request. qPCRs were carried out using SYBR green PCR master mix (Applied Biosystems) in an ABI Prism 7900HT sequence detection system (Applied Biosystems). Values were quantified using the comparative threshold cycle method, and samples were normalized to ␤-actin.
Western blot analysis. Livers samples or Hepa-1 cells were lysed in 0.1% Triton X-100 buffer. The liver or cell lysate was separated and transferred using a standard protocol. The membranes were incubated with an antibody against c-Myc (Santa Cruz Biotechnology Inc, Santa Cruz, CA), and the signals obtained were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Chemicon International, Temecula, CA).
Chromatin immunoprecipitation (ChIP). Freshly isolated livers were ground to a fine powder under liquid nitrogen and cross-linked in 1% formaldehyde in 1ϫ phosphate-buffered saline at 37°C for 20 min, or formaldehyde was added to a final concentration of 1% directly to the media in the case of Hepa-1 cells. Cross-linking was terminated with 0.125 M glycine, and the cell pellet was washed twice with 1ϫ phosphate-buffered saline. Nuclei were isolated and lysed in a sodium dodecyl sulfate (SDS) lysis solution (50 mM Tris-HCl [pH 8.1], 10 mM EDTA, 1% SDS, and protease inhibitors). Chromatin was sheared by sonication, and the nucleus lysate was cleared by centrifugation at 50,000 ϫ g for 30 min. The soluble chromatin was diluted 10-fold (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl [pH 8.1], and 167 mM NaCl) and immunoprecipitated with primary antibody to c-Myc (Santa Cruz). The antibody/ protein/DNA complex was isolated using magnetic beads conjugated with protein A (New England Biolabs, Ipswich, MA). Following several washes, the protein/DNA complex was eluted (50 mM NaHCO 3 , 1% SDS) from the magnetic beads, and cross-linking was reversed by incubation at 65°C for 6 h. The samples were incubated with proteinase K for 1 h at 45°C. Following protein digestion, the DNA was purified using phenol-chloroform/isoamyl alcohol extraction, and 2 to 5 l of sample was used for PCR. Oligonucleotide primers were as follows: for c-myc binding site 1, 5Ј-TTGGAATGGGGCTCGGAAAGTG-3Ј (forward) and 5Ј-TATCCTTGGGCAATGCTTCGGG (reverse); for c-myc binding site 2, 5Ј-GGGAAGCCTACTGTAAAAGCCAAC-3Ј (forward) and 5Ј-GAGGAGCCAATAGCCAGAAGTTC-3Ј (reverse).
MTT assay. Hepa-1 cells were seeded in 24-well plates (20, miRNA microarray. Total RNA isolation was performed as explained above. RNA quality control, labeling, hybridization, and scanning were performed by LC Sciences (Houston, TX) using the latest probe content in the Sanger miRBase. The microarray experiment design was a treatment-control comparison with five mice per group. Three microarray experiments were performed; each independent experiment used a total of 10 mice (five control diet-fed mice and five Wy-14,643-treated mice). Preliminary statistical analysis was performed by LC sciences on raw data normalized by the locally weighted regression method on the background-subtracted data. Further statistical comparisons were performed using analysis of variance. miRNAs that were modulated Ͼ1.5-fold with a P value of Ͻ0.01 were considered significant and are shown in Table 1 .
Gene expression profiling. An Agilent 22 K mouse 60-mer oligonucleotide microarray (Agilent Technologies, Santa Clara, CA) containing more than 20,800 unique well-characterized gene/expressed sequence tag features were used. All procedures for hybridization and for slide and image processing were carried out according to the manufacturer's instructions. The slides were washed, dried, and scanned using an Agilent G2565AA microarray scanner (Agilent Technologies). The procedures were repeated for a replicate experiment with independent hybridization and processing. The data were processed and analyzed as previously described (60) .
Data analysis. Results are expressed as means Ϯ standard deviations (SD). P values were calculated by independent t test. A P value of Ͻ0.05 was considered significant.
RESULTS
Wy-14,643 regulates hepatic miRNA expression via a PPAR␣-dependent pathway. WT mice were fed either a control diet or a diet containing 0.1% Wy-14,643, a specific PPAR␣ agonist, for 2 weeks. Following treatment, a genome-wide miRNA expression profile was assessed in the liver. The microarray contained the latest probe content from the Sanger miRBase. miRNAs that gave average signals above those of negative control probes were considered detectable. Twenty-seven miRNAs were significantly regulated following Wy-14,643 treatment (Table 1) . To confirm the microarray data, Northern blot analysis was performed on several miRNAs that were regulated following Wy-14,643 treatment ( Table 1) . The results from the Northern blot analysis correlated well with the microarray data; in addition, the Northern blot analysis demonstrated PPAR␣-dependent regulation of hepatic miRNA expression (Fig. 1) . It has been proposed that a single miRNA may regulate 100 to 200 gene transcripts (32) ; therefore, the present study may have discovered a major pathway by which PPAR␣ controls gene expression. Taken together, these data demonstrate for the first time that a ligand-activated NR regulates the expression of miRNAs.
Wy-14,643 inhibits let-7C expression. let-7C was decreased in the liver following Wy-14,643 treatment ( Table 1 ). The let-7 family of miRNAs were shown to be potential tumor suppressors (31, 62) , and let-7 was recently shown to inhibit expression of the oncogene ras (26) . To directly investigate the role of PPAR␣ in regulation of let-7C, WT and Ppar␣-null mice were FIG. 1. Wy-14,643 regulates miRNA expression in the liver via a PPAR␣-dependent mechanism. Northern blot analysis of mir-182, mir-125a, mir-125b, mir-34a, mir-148a, mir-146, and mir-107 following 2-week Wy-14,643 treatment (Wy) in WT and Ppar␣-null mice (KO) compared to vehicle only (Veh). treated with Wy-14,643 for 4 h and 2 weeks. Northern blot analysis demonstrated a suppression of let-7C miRNA following 4-h Wy-14,643 treatment and 2-week sustained treatment, whereas no decrease was observed in the Ppar␣-null mice ( Fig.  2A and B) . In addition, when the longer primary let-7C transcript (pri-let-7C) was assessed by qPCR, its expression was also decreased following 4-h and 2-week Wy-14,643 treatments (Fig. 2C) . The chromosomal positional relationship of let-7C was assessed and found to be downstream of mir-99a and EMBL transcript AK033222 (Fig. 2D, top) . AK033222 ( Fig.  2E ) and pri-mir-99a (Fig. 2D, bottom) were coordinately regulated with let-7C, suggesting a mechanism in which a large primary transcript is first produced and then further processed to form mature miRNAs. In addition, pri-let-7C, AK033222, and pri-mir-99a were regulated in a PPAR␣-dependent manner, as revealed by the finding that Wy-14,643 had no effect on pri-let-7C, AK033222, or pri-mir-99a in either 4-h-or 2-weektreated Ppar␣-null mice ( Fig. 2C to E) . Interestingly, when the neuron-specific mature mir-99a was assessed by Northern blot analysis, no expression in the liver was observed, suggesting a posttranscriptional tissue-specific processing of miRNAs (data not shown) (28) . let-7C regulates c-myc expression. To identify novel putative targets of let-7C important in growth regulation, several computational miRNA target prediction databases were assessed (49) . Interestingly, c-myc, a gene known to be induced following Wy-14,643 treatment via an undefined mechanism, was shown to be a putative target of let-7C (21). To confirm previous results, 4-h and 2-week Wy-14,643-treated WT and Ppar␣-null livers were assessed for c-myc gene induction. A clear induction of c-myc mRNA was observed as early as 4 h after ligand treatment in a PPAR␣-dependent manner (Fig.  3A) . In addition, c-myc protein expression was induced following Wy-14,643 treatment as assessed by Western blot analysis (Fig. 3B) . It is now recognized that miRNAs can cause mRNA degradation, and let-7C has been demonstrated to degrade mRNA via partial base paring to its targets (3, 53, 57) . Indeed, the let-7C mRNA degradation target is present in the 3Ј UTR of c-myc mRNA. Therefore, c-myc mRNA levels were assessed following overexpression of let-7C in the mouse hepatoma cell line Hepa-1. Increasing let-7C expression in Hepa-1 cells (Fig.  3C ) decreased c-myc gene expression in a dose-dependent manner (Fig. 3D) . To determine if this was a direct mechanism, the 3Ј UTR of c-myc was cloned into the luciferaseexpressing pGL3-promoter vector using a unique XbaI site just downstream of the luciferase stop codon (Fig. 2E, top) . Luciferase activity was suppressed by overexpressing let-7C in Hepa-1 cells (Fig. 3E, bottom) . These results suggest that cmyc mRNA is a novel direct target of let-7C-mediated gene silencing in liver-derived cell lines.
PPAR␣ regulates the c-myc-activated miRNA cistron. The miRNA expression profile demonstrated an increase in miRNAs known to be regulated by c-Myc (mir-106a, mir-106b, mir-17-5p, mir-20a, and mir-20b) ( Table 1 ) (41) . When several of these miRNAs were assessed by Northern blot analysis, Wy-14,643 was found to induce their expression through a PPAR␣-dependent mechanism only in mice treated for 2 weeks, suggesting a secondary mechanism downstream of PPAR␣ activation (Fig. 4A) . Interestingly, mir-17-5p, an miRNA belonging to the mir-17-92 polycistronic cluster (Fig. 4B, top) , was shown to be important in cell proliferation (16, 24, 25) . The mir-17-92 cistron has also been implicated in enhanced cell cycle progression, blockade of tumor cell apoptosis, and increased neovascularization (16, 24, 25, 41) . In addition, the c-Myc-regulated miRNA cluster was shown to be overexpressed in human Bcell lymphomas (25) and lung cancers (24) . Northern blot analysis found, in addition to mir-17-5p, induction of all the members of the mir-17-92 polycistron following 2-week Wy-14,643 treatment. Conserved c-Myc binding sites were identified adjacent to the mir-17 cluster. ChIP experiments were performed with livers of WT and PPAR␣-null mice following Wy-14,643 treatment to determine whether c-myc bound directly to the mouse mir-17 genomic locus. Wy-14,643 induced c-myc binding to these sites in WT mice, as measured by an in vivo ChIP assay, whereas no increase in binding following Wy-14,643 treatment was observed in the Ppar␣-null mice (Fig.  4C, bottom) . The data clearly demonstrated in vivo association of c-Myc to the mir-17 genomic cluster and provided strong evidence that mir-17-92 polycistrons are directly regulated by c-Myc via PPAR␣. To assess whether let-7C could regulate mir-17-5p expression, let-7C was overexpressed in mouse Hepa-1 cells. Northern blot analysis demonstrated that overexpression of let-7C decreased the expression of mir-17-5p (Fig. 4D) . Next, to determine whether the decrease in mir-17-5p expression was due to a decrease in c-myc association with the mir-17 genomic locus, ChIP analysis for c-Myc was performed in Hepa-1 cells following overexpression of let-7C. Hepa-1 cells were transfected with let-7C precursor molecules, and the DNA-protein complex was cross-linked. A small aliquot was used for Western blot analysis, and the rest was processed for ChIP analysis using antibody to c-Myc. Consistent with the gene expression data (Fig. 3D) , let-7C decreased c-myc protein expression (Fig. 4E, top) , which correlated to a decrease in c-myc association with both c-myc binding sites on the mir-17 genomic locus (Fig. 4E, bottom) . The above data suggest the existence of an oncogenic PPAR␣-driven miRNA signaling cascade. let-7C regulates cell proliferation in liver-derived Hepa-1 cells. To gain insight into the functional consequence of let-7C regulation by PPAR␣, let-7C was overexpressed in Hepa-1 cells, and cell growth was assessed. Hepa-1 cells were transfected with let-7C (5 nM, 10 nM, or 25 nM) or scrambled RNA oligonucleotide, and at 72 h posttransfection, cell growth was monitored by MTT assay (Fig. 5A) . Cell growth was inhibited in a dose-dependent manner following let-7C transfection. To assess the contribution of apoptosis and antiproliferation to let-7C-mediated growth inhibition, BrdU incorporation and annexin V staining were assessed. let-7C decreased BrdU incorporation in a dose-dependent manner (Fig. 5C ). Cell cycle analysis indicated growth arrest; an increase in the number of cells in G 0 /G 1 and a decrease in the numbers of cells in S phase and G 2 /M were observed following overexpression of let-7C (see Table S1 in the supplemental material). The same doses of let-7C had no effect on cell apoptosis, as assessed by annexin V staining, or on cell toxicity, as assessed by trypan blue or PI staining (Fig. 5B and C and data not shown) . In addition, cotransfection of let-7C and c-myc increased cell proliferation in Hepa-1 cells compared to cells transfected with let-7C alone (see Table S2 yields a 100% liver tumor incidence in WT mice at 11 months, whereas no tumors are observed in Ppar␣-null mice (21, 44, 47) . In addition, deregulation of c-myc has frequently been observed in several cancers (34) . Long-term overexpression of c-myc leads to hepatocellular carcinomas in mouse models (39) , suggesting a pivotal role of c-myc in liver oncogenesis. To this end, a mouse line in which the mouse PPAR␣ was replaced by the human PPAR␣ (hPPAR␣ mice) was used to assess the importance of let-7C in Wy-14,643-induced liver tumors. These mice express human PPAR␣ specifically in the liver under the control of the doxycycline-regulatable system in a Ppar␣-null background. The hPPAR␣ and WT mice respond to treatment with Wy-14,643, as revealed by induction of genes critical in ␤-oxidation and a decrease in serum triglyceride levels (13) . However, during the first 2 weeks of Wy-14,643 treatment, only the WT mice and not the hPPAR␣ mice exhibited significant hepatocellular proliferation (13) . Furthermore, hPPAR␣ mice were shown to be resistant to Wy-14,643-induced liver tumor formation. Wy-14,643 treatment, which yields a 100% liver tumor incidence in WT mice at 11 months of age, induced a very low incidence of hepatocellular tumors (5%) in hPPAR␣ mice (38) . Microarray gene expression profiling was used to identify highly discriminant gene sets in the liver between 4-h Wy-14,643-treated WT and hPPAR␣ mice (see Tables S3 and S4 in the supplemental material). The patterns of gene expression following Wy-14,643 in WT and hPPAR␣ mice were generally similar, and differential changes shown to be statistically significant are listed in Tables S3 and  S4 . Interestingly, c-myc was shown to be a major differentially expressed gene in the liver in WT and hPPAR␣ mice following 4-h Wy-14,643 treatment (see Table S3 ). Microarray data demonstrated that c-myc was specifically upregulated in the Wy-14,643-induced-tumor-susceptible WT mice, whereas no induction was found in the tumor-resistant hPPAR␣ mice. To verify the microarray data, qPCR was performed. hPPAR␣ mice demonstrated induction of mRNAs encoding acyl coenzyme A oxidase and cytochrome P450 Cyp4a14, two well-characterized PPAR␣ target genes, and this was comparable to changes seen in WT mice as previously demonstrated (13) . However, expression of the c-myc mRNA was not increased following either 4-h or 2-week Wy-14,643 treatment ( Fig. 6A  and B) . let-7C expression was assessed in the hPPAR␣ mice, VOL. 27, 2007 PPAR␣ REGULATES miRNA EXPRESSIONand no change in pri-let-7C or mature let-7C was observed in the hPPAR␣ mice following 4-h and 2-week Wy-14,643 treatment ( Fig. 6C to E) . Consistent with these data, 11-month chronically treated WT and hPPAR␣ mice demonstrated that let-7C was suppressed only in the WT mice, whereas hPPAR␣ mice demonstrated no significant change with respect to let-7C expression (Fig. 6G) . In addition, c-myc-regulated mir-17-5p was induced only in the WT mice following Wy-14,643 treatment, correlating with c-myc expression ( Fig. 6F and G) . Together, these data suggest the importance of let-7C regulation in Wy-14,643-induced liver tumorigenesis.
DISCUSSION
Twenty-seven miRNAs were significantly regulated in the liver following 2-week Wy-14,643 treatment. The present study confirmed several changes identified by microarray using Northern blot analysis. In particular, the current study focused on let-7C, a family of miRNAs that were shown to be critical in the developmental timing of Caenorhabditis elegans. In addition, let-7 was markedly reduced in lung cancers (50) and shown to be localized to chromosomal sites implicated in several other cancers (9) . Overexpression of let-7 also inhibited growth of a lung cancer cell line (50) . The PPAR␣ agonist Wy-14,643 suppressed let-7C expression in WT mice but not in Ppar␣-null mice, indicating that the repression was PPAR␣ dependent. A previous report demonstrated that a large por- tion of the mammalian intergenic miRNAs are first transcribed as long pre-miRNAs and then processed (23) . The present study provides further evidence for this mechanism. Pri-let-7 and upstream transcripts pri-mir-99a and AK033222 were inhibited following Wy-14,643 treatment, suggesting that let-7C may be transcribed as part of a longer primary transcript in a PPAR␣-dependent manner. Currently, the mechanism involved in PPAR␣-dependent repression of let-7C is unclear, and additional experiments are required to identify upstream regulatory elements that control let-7C expression. However, due to the rapid inhibition of let-7C expression following Wy-14,643 treatment, it is believed to be a direct mechanism. In addition, from the lack of any significant difference in basal let-7C expression levels between WT and Ppar␣-null mice, it appears to be an active transrepression mechanism, where the receptor is recruited to the genomic regulatory region following ligand treatment. Gene repressive mechanisms of liganded PPAR␣ have remained unclear; however, several NRs involved in transcriptional repression of proinflammatory genes have been shown to inhibit transcription through protein-protein interaction or by direct recruitment of cofactors to the promoter (37) . Recently, two NRs, liver X receptor and PPAR␥, were shown to repress gene expression following ligand treatment in a context-specific manner (19, 42) . The mechanism involves sumoylation of the NR, thus placing the receptor in a conformation allowing corepressor interaction. Future studies will be required to determine whether these mechanisms are relevant in PPAR␣ inhibition of let-7C.
When the antisense molecules designed to inhibit the activity of let-7C were transfected into Hepa-1 cells, no derepression of c-myc levels was observed (data not shown). This may be attributed to the low endogenous levels of let-7C in transformed cell lines compared to the liver. In addition, c-myc is highly expressed in Hepa-1 cells, and thus, it may be difficult to observe increases above these high levels. However, in the reciprocal experiments in which let-7C was overexpressed, it negatively regulated c-myc gene expression, inhibited cell growth, and caused cell cycle arrest. The c-myc gene has been demonstrated to be essential in the growth and regeneration of the liver. Overexpression of c-myc results in chronic hepatic proliferation and increased incidence of liver cancers (39) . Coexpression of let-7C and c-myc partially alleviated the decrease in cell growth observed in cells transfected with let-7C alone, suggesting that other genes in addition to c-myc may play a role in let-7C cell cycle arrest. let-7 family members have been demonstrated to inhibit Ras expression (26) . The ras proto-oncogene was shown to be essential in cell proliferation and cell survival (11, 14) . Increased expression of ras is frequently observed during tumorigenesis (5, 48, 55, 56) . Interestingly, several PPAR␣ agonists have been shown to induce ras (12, 20) . In addition, transgenic mice overexpressing ras or carrying a mutant ras demonstrate a decrease in tumor latency following chronic PPAR␣ agonist treatment (40, 51, 52) . Currently, the relative contributions of ras and c-myc in Wy-14,643-induced cellular proliferation are not known; however, it is likely that both play an integral role in hepatocyte proliferation.
The critical downstream signals in c-myc-induced oncogenesis are undefined; however, several genes important for cmyc-induced cell proliferation and transformation are targets for the mir-17 cluster (32, 61) . Also, the acute effects of c-myc on tumor angiogenesis are attributed solely to the mir-17-92 cluster (16) . Therefore, the Wy-14,643-induced cell proliferation in hepatocytes following reciprocal regulation of let-7C and c-myc may be partially mediated via an increase in mir-17-92 cluster. Interestingly, let-7 and mir-17-92 polycistronic cluster were inversely expressed in lung cancers; the let-7 miRNA family was downregulated (50) , whereas the mir-17-92 cluster was overexpressed in (24) . The present study provides a mechanistic link explaining the expression patterns of let-7 and mir-17 in lung cancers and proposes a novel miRNA signaling cascade initiated by PPAR␣ in Wy-14,643-induced hepatocellular proliferation.
As discussed in the introduction, the consequences of chronic exposure to peroxisome proliferators in humans are unknown. Therefore, the use of potent PPAR␣ activators in humans is avoided, particularly if long-term exposures are expected. To determine whether PPAR␣ agonists are carcinogenic in humans, the mechanisms of cellular proliferation and tumorigenesis following PPAR␣ agonist treatment need to be determined. The sustained inhibition of let-7C and the coordinate increase of c-myc and mir-17 expression in mice treated with Wy-14,643 for 11 months strongly implicate let-7C as a critical tumor suppressor in Wy-14,643-induced hepatocarcinogenesis. In addition, the hPPAR␣ model, which was demonstrated to be a critical tool for predicting cancer risk in humans exposed to PPAR␣ agonists (13, 38) , did not demonstrate a decrease in let-7C at 4 h, 2 weeks, or 11 months of Wy-14,643 treatment, as seen in the tumor-susceptible WT mice. c-myc was not induced following 4-h, 2-week, or 11-month Wy-14,643 treatment, demonstrating a causal relationship between let-7C and c-myc expression and Wy-14,643-induced tumor formation. Thus, the present study strongly implicates let-7C as a critical tumor suppressor in Wy-14,643-induced hepatocarcinogenesis. In addition, let-7C and c-myc may be valuable as early surrogate markers to predict human cancer risks posed by current fibrate drugs or aid in assessing the carcinogenic properties of novel lipid-lowering fibrate drugs that target PPAR␣. Currently, the molecular mechanism leading to the resistance of Wy-14,643-induced tumors in hPPAR␣ mice is unknown. However, c-myc appears to be a major discriminant gene between WT and hPPAR␣ mice following a 4-h Wy-14,643 treatment, which the present study has clearly shown to be regulated by let-7C via a PPAR␣-dependent pathway.
Recently, transgenic mice containing a constitutive active PPAR␣ in hepatocytes (LAP-VP16PPAR␣) were generated. While these mice demonstrated increased hepatocellular proliferation, no liver tumors were observed (58) . Interestingly, no difference in basal let-7c expression was observed between WT mice and the LAP-VP16PPAR␣ mice. However Wy-14,643 treatment decreased let-7c expression in the transgenic mice (data not shown). These data suggest that ligand treatment is needed for inhibition of let-7c and indicate that PPAR␣ agonists may regulate genes in addition to that for the VP16PPAR␣ fusion protein or that PPAR␣ activation in nonparenchymal cells is critical for tumorigenesis and let-7c expression. These possibilities are being assessed.
miRNAs regulate a large numbers of genes; therefore, identifying the mechanisms which control their expression during tumorigenesis is critical. To our knowledge, the present study is the first to identify PPAR␣ or any liganded NRs as a transcription factor important for miRNA regulation. The NR superfamily members are important for a variety of physiological processes, and it is possible that the present study may have uncovered an integral role of these transcription factors in miRNA regulation that in turn control physiological homeostasis altered by NR activation. Interestingly, genomewide ChIP tiling arrays to assess estrogen receptor binding sites identified binding of this NR to unexplored regions of the genome distant from any known promoters (10); it will be of great interest to assess if this is a universal mechanism shared by other NRs.
In conclusion, a novel signaling cascade regulated by PPAR␣ is proposed. Basal-level expression of let-7C inhibits c-myc. Upon Wy-14,643 treatment, let-7C expression is inhibited, and a subsequent increase in c-myc is observed. Following an increase in c-myc, the level of the mir-17-92 polycistronic cluster is increased. Collectively, this pathway may lead to increased hepatocellular proliferation and tumorigenesis (Fig. 7) .
